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Abstract
The performances of energy harvesting generators based on dielectric elastomers
are investigated. The configuration is of a thin dielectric film coated by stretchable
electrodes at both sides. The film is first stretched, then charged and subsequently,
afterwards it is released, and finally the charge is harvested at a higher electric
potential. The amount of energy extracted by this cycle is bounded by the electric
breakdown and the ultimate stretch ratio of the film as well as by structural in-
stabilities due to loss of tension. To identify the optimal cycle that complies with
these limits we formulate a constraint optimization problem and solve it with a ded-
icated solver for two typical classes of elastic dielectrics. As anticipated, we find
that the performance of the generator depends critically on the ultimate stretch
ratio of the film. However, more surprising is our finding of a universal limit on the
dielectric strength of the film beyond which the optimal cycle is independent of this
parameter. Thus, we reveal that, regardless of how large the dielectric strength of
the material is, there is an upper bound on the amount of harvested energy that
depends only on the ultimate stretch ratio. We conclude the work with detailed
calculations of the optimal cycles for two commercially available elastic dielectrics.
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1 Introduction
Among the various energy-harvesting technologies from renewable resources such as sea
waves, wind, human gait and others, a particularly promising one is based on soft di-
electric elastomers (DEs) [1, 5, 6, 18, 21]. A dielectric elastomer generator (DEG) is a
highly deformable parallel-plate capacitor made out of a soft DE film coated with two
compliant electrodes on its opposite faces. The capacitance of the device depends on the
deformation undergone by the DE film (through both the faces area and the thickness),
hence changes during a load and release cycle resulting from an interaction of the device
with its environment. This variability can be exploited to extract electric energy by
initially stretching, then charging the capacitor and subsequently releasing the capacitor
and collecting the charge at a higher electric potential.
A few recent papers are dedicated to the analysis of the performances of DEGs and the
identification of the more profitable electromechanical loading strategies during which the
energy gain is maximized. The contour of the region of admissible states which is dictated
by typical failure modes of DEs was examined in [16] and [17] within the framework of
finite electroelasticity. A method to measure the produced energy and the efficiency of a
balloon-like generator was developed in [13]. In [19] various choices of electromechanical
cycles for energy harvesting are presented. An equibiaxial loading configuration of the
device is assumed in [11], who considered viscous effects too. The possible benefits from
embedding ceramic particles in a soft matrix on the amount of generated energy was
considered in [3].
In the present work we focus on dielectric elastomer generators subjected to a four-
stroke electromechanical cycle in which an external oscillating force powers the stretch
and contraction cycle. It is assumed that the device deforms under a plane-strain condi-
tion that simulates the effect of transverse constraint due to stiff fibers [20] or a supporting
frame. Taking into account the properties of the elastic dielectric and the operating con-
ditions dictated by the external environment, with the aid of a constrained optimization
algorithm, our goal is to identify those cycles that produce the maximum energy. This,
in turn, will shade light on the relative role of the various failure mechanisms and provide
guidelines for choosing suitable elastic dielectrics for the DEG. Time-dependent effects
such as viscosity and loading frequencies are neglected and the results are determined
assuming a conservative behaviour of the elastic dielectric.
The generator may undergo different failure mechanisms which must be avoided to
ensure proper functioning and long service life of the device. In the assumed plane-strain
conditions the possible limits on the DEG performance are set by the electric breakdown
threshold, a state of loss of tension with consequent buckling instability, and mechanical
failure represented by the maximal allowable longitudinal stretch. These failure limits,
together with the assumption that the direction of the electric field is not reversed during
the cycle, identify a contour of an admissible operational domain that can be depicted
in the stress-stretch and the electric potential-charge planes. In both representations the
area enclosed within this contour is equal to a theoretical upper bound on the maximal
energy that may be harvested from the DEG [17]. The shape of the contour leads us in
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Figure 1: Reference and deformed configurations of a soft dielectric elastomer generator deforming in
the {x1, x2}-plane under plane-strain conditions.
this work to distinguish between two types of optimal cycles depending on whether or
not the electric breakdown limit is attained during the cycle.
We conclude the work with numerical analyses of two representative cases depending
on the maximal allowable stretch for the cycle: the first corresponds to a relatively stiff
dielectric elastomer with a limited range of reversible stretches, whereas the second deals
with a ductile elastomer that may be stretched a few times its referential length. For both
cases, general dimensionless analyses are carried out first for the two different types of
optimal cycles. Eventually, the analysis is specialized to two specific materials, a natural
rubber and an acrylic elastomer, and the final results are given in a dimensional form.
2 Theoretical background
In the course of this section we recall only those results that are pertinent to the sub-
sequent analysis of DEGs. These are based on the comprehensive analyses of dielectric
layers subjected to electromechanical loading carried out in [7, 2, 24]. Essentially, a DEG
is a stretchable capacitor, the basic idea behind its operating principle consisting in its
ability to change the capacitance with deformation. To clarify this concept, consider a
dielectric elastomer occupying domains B0 and B ∈ R3 in the reference and the deformed
configurations, respectively. These are schematically illustrated in Fig. 1. Throughout,
cartesian coordinate systems are adopted in order to identify the positions of a point x 0
and x = χ(x 0) in the two configurations, respectively. Here, χ is the mapping from the
reference to the deformed configurations and F = ∂χ/∂x 0 is the deformation gradient.
We consider an ideal dielectric film which is homogeneous, isotropic, hyperelastic,
incompressible (J ≡ detF = 1), lossless and with no electrostrictive behaviour [9, 4,
10, 22, 25]. The film is stretched from the reference to the deformed configuration by a
combination of (i) a mechanical force s = [s, 0, 0]T induced by the environment which
is the primary source for the energy invested into the system, and (ii) an electric field
generated by an electric potential φ between the two stretchable electrodes coated on
the opposite surfaces of the film at x2 = 0 and h. We note that an alternative way
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to electrically excite the deformation is by depositing electrical charge on the opposite
surfaces of the specimen [14], however, in this work we do not consider this alternative
since from a practical viewpoint it is more convenient to impose the required electric
potential between the electrodes.
Neglecting fringing effects and assuming isotropy, the electromechanical deformation
undergone by the film is homogeneous and can be represented by the deformation gradient
F = diag(λ, λ−1, 1), where λ is the principal stretch ratio along x1. Outside the capacitor
the electric fields vanish, and the uniform electric field induced by the applied electric
potential inside the film is E = [0, E, 0]T . Recall that E is conservative admitting
the representation E = −gradϕ(x ), with ϕ being the electrostatic potential field such
that φ = ϕ|
x2=0
− ϕ|
x2=h
, i.e. E = φ/h. In view of the homogeneous fields developing
in the film, the applied force s can be easily related to the nominal total stress S ,
which is divergence free when body forces are null. Thus, along the prescribed loading
path S = diag(S11, S22, S33), where S11 = s/h0, S22 = 0 and S33 is the reaction to the
kinematic plane-strain constraint. The energy conjugate to the electric field E is the
electric displacement field D , which is divergence free in the absence of free charges in
the material. Within the context of this work it is advantageous to represent the electric
fields in terms of their referential counterparts E 0 = F
T
E = [0, E0, 0]
T , with E0 = E/λ,
and D0 = JF
−1
D . In [9] it is shown that the former is conservative and the latter is
divergence free.
The electroactive hyperelastic incompressible material is assumed to be governed by
an isotropic augmented energy-density functionW (λ1, λ2, λ3, E0), where λ1, λ2 and λ3 are
the principal stretch ratios satisfying the incompressibility constraint J = λ1λ2λ3 = 1.
The constitutive equations thus read
Sii =
∂W
∂λi
− p 1
λi
, D0 = −∂W
∂E0
, (1)
where p is the unknown hydrostatic pressure, D0 is the sole non-vanishing component of
D0, namely D0 = [0, D0, 0]
T , and no sum is implied on the components Sii.
To illustrate the main features of the load-driven DEG, we adopt the simplest form
of energy-density W , i.e. the one derived from neo-Hookean elasticity, namely
W =
µ
2
(λ2
1
+ λ2
2
+ λ2
3
− 3)− ǫ
2
(
E0
λ2
)2
. (2)
Here µ is the shear modulus of the material and ǫ = ǫrǫ0 its permittivity being ǫr the
relative dielectric constant and ǫ0 = 8.854 pF/m the permittivity of vacuum.
In the present case λ1 = λ, λ2 = λ
−1, λ3 = 1 and Eq. (2) implies that D0 = ǫλ
2φ/h0.
Accordingly, the charge on the electrodes per unit of their undeformed area ω0 can be
related to the stretch ratio λ and the electric potential φ because the boundary condition
on both sides corresponds to ω0 = D0.
In the sequel we find it advantageous to rephrase the equations in terms of the di-
mensionless variables
S¯11 =
S11
µ
, S¯33 =
S33
µ
, φ¯ =
φ
h0
√
ǫ
µ
, ω¯0 =
ω0√
ǫµ
. (3)
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Figure 2: The harvesting cycle plotted on the mechanical plane (a) and the electrical plane (b),
characterization of the four strokes with a service battery at the right and a storage battery at the left
(c); all the plots in the descriptive sequence in (c) are referred to the initial state of the single stroke.
Next, with the aid of Eq. (2) the components of the applied stress can be related to λ
and φ. Accordingly, during the harvesting cycle the relations between the applied stress,
the applied electric potential, the resulting stretch ratio and the charge accumulated on
the electrodes are:
S¯11 = λ− 1
λ3
− φ¯2λ, S¯33 = 1− 1
λ2
− φ¯2λ2, φ¯ = ω¯0
λ2
. (4)
3 A load-driven generator and its failure envelope
A few possible harvesting strategies, which are distinguished primarily according to the
control parameters chosen for the four-stroke cycles, are discussed in [19]. Here we focus
on the cycle illustrated in Fig. 2: along two of the strokes the longitudinal stress S11 due
to the external load is fixed, whereas along the other two strokes the device is electrically
isolated and the charge ω0 in the electrodes is held fixed. The order of these strokes and
their role in the harvesting cycle are:
• a mechanical loading stroke A–B: the work produced by the external oscillating
force during its rise from minimal to maximal values is stored in the elastically
stretching generator. In terms of the dimensionless variables, S¯11 increases from its
minimal value at A to its maximal value at B, while the charge on the electrodes
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is fixed (ω¯A
0
= ω¯B
0
). Due to the stretching of the film the capacitance of the DEG
increases and the electric potential drops;
• an electrical charging stroke B–C: the electrodes are charged with the aid of an
external service battery such that the electric potential between them is ∆φ¯ =
φ¯C − φ¯B > 0. Along this step the stress is held constant (S¯B11 = S¯C11). Thanks to
the attraction between the two charged electrodes the film further shrinks in the
x2-direction and elongates in the x1-direction. When this stroke terminates the film
attains the largest stretch ratio during the cycle (λC);
• a mechanical unloading stroke C–D: during the decline of the external force from
its maximal to minimal values the film shrinks while the charge in the isolated
electrodes is fixed (ω¯C
0
= ω¯D
0
). The thickening of the shrinking film results in an
increase of the electric potential to φ¯D, which is the largest value of φ¯ along the
cycle;
• an electrical energy-harvesting stroke D–A: the charge deposited in stroke B–C is
redeemed at a higher electric potential with an appropriate electrical circuit. This
energy-harvesting stroke is executed with a fixed load (S¯D
11
= S¯A
11
), nonetheless,
due to the decrease in the electric potential between the electrodes and hence the
associate decrease in the attracting force between them, the film further shrinks.
The cycle can be presented on the thermodynamical planes illustrated in Figs. 2(a)
and (b), with Fig. 2(a) corresponding to the mechanical S11–λ plane and Fig. 2(b) to
the electrical φ–ω0 plane. In passing, we note that in practice strokes B–C and D–
A are substantially shorter than the mechanical loading and unloading strokes. Thus,
the applied external force should be thought of as a continuously oscillating force such
that when it attains its maximal and minimal values appropriate electrical circuits are
temporarily connected to the electrodes.
The four-stroke harvesting cycle described above is characterized by the four equalities
presented in Fig. 2(c). These induce the following relations among the corresponding
eight dimensionless independent variables:
ω¯A
0
= ω¯B
0
⇒ φ¯Aλ2A = φ¯Bλ2B,
S¯B
11
= S¯C
11
⇒ λB − 1
λ3B
− φ¯2BλB = λC −
1
λ3C
− φ¯2CλC ,
ω¯C
0
= ω¯D
0
⇒ φ¯Cλ2C = φ¯Dλ2D, (5)
S¯D
11
= S¯A
11
⇒ λD − 1
λ3D
− φ¯2DλD = λA −
1
λ3A
− φ¯2AλA.
In order to ensure a proper operational condition of the device, all feasible cycles
must lie inside the region of admissible states for the generator. The contour line that
envelops this region is defined by the following possible failure modes of the DEG:
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• electric breakdown (EB): this failure, which depends on the properties of the film,
occurs when the electric field E reaches the dielectric strength of the material Eeb.
In dimensionless form the dielectric strength is E¯eb = Eeb
√
ǫ/µ. The dimensionless
nominal electrical field is bounded by E¯0eb = E¯eb/λ. The corresponding portions of
the failure envelops surrounding the region of admissible states in the mechanical
and the electric planes are prescribed in terms of the curves:
S¯11 = λ− 1
λ3
− E¯
2
eb
λ
, φ¯ =
E¯2eb
ω¯0
; (6)
• ultimate stretch (λU): this failure also depends on the properties of the film material
and takes place when the magnitude of the stretch attains a critical value λU at
which mechanical failure initiates. The curves that correspond to this failure mode
in the mechanical and the electric planes are, respectively:
λ = λU , φ¯ =
ω¯0
λ2U
; (7)
• Loss of tension (S33=0): to avoid failure due to buckling instabilities it is required
that the two in-plane stresses be positive. In contrast with the previous two failure
modes, this one is associated with the geometrical configuration of the device and
is related to the small thickness of the film. A comparison between expressions
(4)1 and (4)2 for the two stresses reveals that the inequality S33 ≥ 0 is more
restrictive than S11 ≥ 0. Therefore, by manipulating these expressions it is found
that the portions of the failure envelops corresponding to loss of tension along the
x3-direction in the two pertinent planes are characterized by the curves
S¯11 = λ− 1
λ
, φ¯ =
ω¯0
1 + ω¯2
0
. (8)
We stress that other types of instabilities may develop in the electromechanically
loaded film [23, 8, 10]. However, in this work only this type of instability is ac-
counted for since commonly electromechanical instabilities do not play an important
role in plane-strain conditions.
We finally add a fourth formal condition (E=0), which is not related to a failure of the
mechanism, requiring that the direction of the electric field is not reversed during the
cycle, i.e. E ≥ 0.
4 Optimization of the harvesting cycle
According to the four-stroke cycle described in Section 3, the energy produced by the
soft capacitor is
H˜g =
∫ C
B
φ dQ+
∫ A
D
φ dQ, (9)
7
where Q is the total electric charge on the electrode. Since the deformation is homo-
geneous, we prefer to work in dimensionless variables, introducing the energy-density
generated per unit shear modulus
Hg =
H˜g
µV0
=
∫ C
B
φ¯ dω¯0 +
∫ A
D
φ¯ dω¯0. (10)
The sum of the two integrals at the right-hand-side of Eq. (10) is equal to the area
bounded within the cycle in the electrical plane in its dimensionless form (see Fig. 3 and
the figures hereafter). For later reference we recall that since Hg is an energy which is
extracted from the system its sign is negative.
Noting that S11 is constant along both paths B–C and D–A, it is profitable to express
the dimensionless electric potential φ¯ through Eq. (4)1 as a function of the stretch ratio
λ and the constant stress S const
11
= SB
11
and S const
11
= SA
11
along the two paths, respectively.
Accordingly,
φ¯ =
√
1− λ−4 − λ−1S¯ const
11
. (11)
Moreover, Eq. (4)3 allows to evaluate the differential
dω¯0 = d
[
φ¯(λ)λ2
]
=
4λ− 3S¯ const
11
2
√
1− λ−4 − λ−1S¯ const
11
dλ. (12)
In turn, this enables the following explicit evaluation the first integral in (10):
∫ C
B
φ¯ dω¯0 =
∫ λC
λB
(
2λ− 3
2
S¯B
11
)
dλ = λ
(
λ− 3
2
S¯B
11
)∣∣∣∣
λC
λB
. (13)
The second integral is evaluated in a similar manner and successively added. Next, the
constant nominal stresses S¯B
11
and S¯A
11
are expressed in terms of the relevant stretches
and dimensionless nominal electric potentials via Eq. (4)1. This leads to the explicit
expression for the dimensionless harvested energy:
Hg =
1
2
(λA − λD)
[
λD
(
3φ¯2D − 1
)
+ 2λA + 3λ
−3
D
]
+
1
2
(λC − λB)
[
λB
(
3φ¯2B − 1
)
+ 2λC + 3λ
−3
B
]
.
(14)
Note that the expression for Hg involves only the squares of the variables φ¯B and φ¯D.
Therefore it is convenient to derive φ¯2B and φ¯
2
D from conditions (5) as functions of the
stretches λA, λB, λC and λD and substitute them in (14). This will lead to an expression
for Hg in terms of the four characteristic stretches. Similar developments can be followed
for the constraints defining the failure envelope. The final expressions determined for all
the functions involved are outlined next.
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4.1 Constrained optimization problem
In order to determine the optimal cycle out of which the maximum energy can be har-
vested while keeping it within the region of admissible states, we formulate the following
constrained optimization problem:
find min
Λ
Hg[λA, λB, λC , λD]
with Λ = [λA, λB, λC , λD]
T and the minimum is sought since Hg ≤ 0. The optimization
is to be evaluated under the following constraints:
• Equality constraint (active constraint)
f [λA, λB, λC , λD] = −λC + λU = 0;
The simplicity of this constraint enabled us to substitute λU for λC throughout
the Lagrangian function and reduce the set of optimization variables Λ to ΛR =
[λA, λB, λD]
T .
• Inequality constraints (possibly active constraints)
h1[λA, λB, λC , λD] = S
D
33
[λA, λB, λC, λD] ≥ 0,
h2[λA, λB, λC , λD] = −E¯2D[λA, λB, λC, λD] + E¯2eb ≥ 0,
h3[λA, λB, λC , λD] = φ¯
2
B ≥ 0 i.e. φ¯B ∈ R, (15)
h4[λA, λB, λC , λD] = λA − 1 ≥ 0, h5[λA, λB, λC , λD] = −λA + λU ≥ 0,
h6[λA, λB, λC , λD] = λB − 1 ≥ 0, h7[λA, λB, λC, λD] = −λB + λU ≥ 0,
h8[λA, λB, λC , λD] = λD − 1 ≥ 0, h9[λA, λB, λC , λD] = −λD + λU ≥ 0.
The detailed expressions for the objective function Hg and the contraints h1, h2, h3 as
functions of the stretches are:
Hg[λA, λB, λC, λD] =
1
2(λ3Aλ
3
C − λ3Bλ3D)
[
− λ3Cλ5A + 3λD
(
λ3C − λ2DλC + λBλ2D
)
λ4A
− [3(λB − λC)λ4D + 2λ3Cλ2D + λ3C (2λ2B − 3λCλB + λ2C)]λ3A
−2λ3Bλ3Dλ2A + 3λ3B
[
λ4D + (λB − λC)λ3C
]
λA
−λ3BλD
[
λ4D + (λB − 2λC)(λB − λC)λ2D + 3(λB − λC)λ3C
] ]
,
9
h1[λA, λB, λC , λD] =
λ4Aλ
3
CλD − λ3Aλ3C (λ2D − 1)− λ3BλD (λBλ3C − λ4C + λ2D)
λ3Aλ
3
C − λ3Bλ3D
,
h2[λA, λB, λC , λD] =
λ4Aλ
3
Cλ
3
D − λ3Aλ3C (λ4D − 1)− λ3Bλ3D (λBλ3C − λ4C + 1)
λ2D(λ
3
Aλ
3
C − λ3Bλ3D)
+ E¯2eb,
h3[λA, λB, λC , λD] =
− (λ4A − 1)λ3Bλ3D + λ3Aλ3Bλ4D + λ3Aλ3C (λ4B − λ3BλC − 1)
λ4B(λ
3
Aλ
3
C − λ3Bλ3D)
.
The following generalized Lagrangian function is evaluated
L[λA, λB, λD, β1, β2, β3, β4, β5, β6, β7, β8, β9] =
Hg[λA, λB, λU , λD]−
9∑
i=1
βi hi[λA, λB, λU , λD],
therefore, at every admissible (i.e. satisfying all the constraints) local minimum Λ˜R, the
following Karush–Kuhn–Tucker conditions are to be verified:

∇ΛRL[λ˜A, λ˜B, λ˜D, β˜1, β˜2, β˜3, β˜4, β˜5, β˜6, β˜7, β˜8, β˜9] = 0,
hi[λ˜A, λ˜B, λU , λ˜D] ≥ 0 (i = 1, . . . , 9),
β˜i ≥ 0 (i = 1, . . . , 9),
β˜i hi[λ˜A, λ˜B, λU , λ˜D] = 0 (i = 1, . . . , 9).
The gradient operator corresponds to the operation
∇ΛRL = {∂L/∂λA, ∂L/∂λB , ∂L/∂λD}T ,
where the independent variables have been omitted for the sake of conciseness. Finally,
the stationarity condition reads:
∇ΛRL[λA, λB, λD, β1, β2, β3, β4, β5, β6, β7, β8, β9] =
∇ΛRHg[λA, λB, λU , λD]−
9∑
i=1
βi∇ΛRhi[λA, λB, λU , λD] = 0.
5 Numerical results
In the spirit of the procedure described in Section 4.1, optimal energy-harvesting cycles
have been determined with the aid of a dedicated numerical optimization procedure.
Specifically, the Nelder-Mead algorithm for constrained global optimization has been
used in order to calculate optimal cycles for different values of the film parameters.
Results are illustrated hereafter for two choices of ultimate stretch ratios that are typical
for commercial DEs. However, before we proceed with the numerical results, it is useful
to distinguish between two types of failure envelopes.
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Figure 3: Regions of admissible states for DEG with E¯eb = 0.8 and λ∗ = 1.6¯ are shown on the
mechanical (a) and the electrical (b) planes. The dashed and continuous lines that represent the (λU )
sections of the failure envelopes correspond to λU1 = 1.3 and λU2 = 2, respectively.
5.1 Classification of possible failure envelopes
A comparison between expressions (6)1 and (8)1 for the stress according to the failure
modes (EB) and (S33=0) reveals the possible existence of an intersection point at which
simultaneous failures may take place. This is possible only if E¯eb ≤ 1, and the combined
failure occurs at stretch ratio λ∗ ≡ (1− E¯2eb)−1/2 (see Fig. 3). If E¯eb > 1 these two parts
of the failure envelope do not intersect and the limit (EB) is not attainable by the DEG.
Because the failure modes (EB) and (S33=0) may induce an independent limit on the
stretch ratio of the film, we are led to the following distinction between two possible
cases:
1. if λU ≤ λ∗ the optimal cycle lies in the envelope dictated by (S33=0), (λU) and
(E=0) where the (EB) failure is unattainable;
2. if λU > λ
∗ the failure mode (EB) must be accounted for in order to envelop the
region of admissible states.
5.2 Moderately stretchable elastomers
We consider first an elastic dielectric with a relatively small range of recoverable strains,
λU = 1.5. For this relatively small stretch limit the failure curves (S33=0) and (EB)
do not intersect along the contour of the admissible domain as long as E¯eb ≥ 0.7454.
This corresponds to Case 1 where (EB) is not attainable. In Fig. 4 the curve EB1 that
corresponds to E¯eb = 0.8 demonstrates this case. Smaller values of E¯eb correspond to
Case 2, for which we encounter the following two occurrences:
• Case 2a: in the range Eˆeb ≤ E¯eb < 0.7454 the optimal cycle is once again the one
depicted in Fig. 4, where Eˆeb = 0.5922. This sub-case is illustrated with the aid of
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Figure 4: The optimal cycle for DE with λU = 1.5 and E¯eb ≥ 0.5922 plotted on the mechanical plane
(a) and the electrical plane (b). The dashed and the continuous curves EB1 and EB2 correspond to
E¯eb = 0.8 (Case 1) and E¯eb = 0.7 (Case 2a), respectively. The dotted curve EˆB corresponds to the
transition between Cases 2a and 2b, at which Eˆeb = 0.5922.
the curve EB2 that corresponds to E¯eb = 0.7. Thus, in a manner similar to the one
observed for Case 1, at point D the optimal cycle is not limited by the dielectric
strength of the material.
• Case 2b: whenever E¯eb < Eˆeb, the harvesting stroke of the optimal cycle starts
at the point where the failure mechanisms (S33=0) and (EB) are simultaneously
activated, with λD = λ
∗. This sub-case is illustrated in Fig. 5 for E¯eb = 0.5. It is
observed that in this case the optimal cycle is restricted by E¯eb.
Note that the transition between these two sub-cases at Eˆeb entails the coincidence of two
points. The first is the intersection point of the two boundaries of the failure envelope
(S33=0) and (EB), at which λ = λ
∗(E¯eb). The second point corresponds to point D of
the cycle in the limit E¯eb = Eˆeb, where Eˆeb is the minimal value of the dielectric strength
above which the failure curve (EB) is not attainable. This transition is demonstrated
in Fig. 4 (for λU = 1.5), where the dotted line represents the failure curve (EˆB) for
Eˆeb = 0.5922. The stretch ratio at this point is λˆ
∗ = λ∗(Eˆeb) = 1.2410.
Characteristic results for the optimal cycle determined for moderately stretchable
DEs are summarized in Table 1 for a few values of the dielectric strength. Together with
the amount of energy attained during the optimal cycle |Hg|, we also list the stretch ratio
λ∗ at the intersection between the two failure curves (EB) and (S33=0), the stretch ratio
λD, the dimensionless activation electric potential ∆φ¯ which is the potential supplied to
the DEG during the electrical charging stroke B–C, and the anticipated failure mode at
point D. We note that for values of E¯eb > Eˆeb the maximal amount of harvested energy
is fixed, while for lower values of E¯eb the amount of extractable energy rapidly decreases.
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Figure 5: The optimal cycle for DE with λU = 1.5 and E¯eb = 0.5 < Eˆeb (Case 2b) plotted on the
mechanical plane (a) and the electrical plane (b).
[Ref.] E¯eb λ
∗ λD |Hg| ∆φ¯ Failure at D
Fig. 4 > 0.7454 unessential 1.2410 0.0639 0.3266 (S33=0)
Fig. 4 0.7 1.4003 1.2410 0.0639 0.3266 (S33=0)
Fig. 4 0.6 1.25 1.2410 0.0639 0.3266 (S33=0)
Fig. 4 Eˆeb = 0.5922 1.2410 1.2410 0.0639 0.3266 (S33=0) & (EB)
Fig. 5 0.5 1.1547 1.1547 0.0562 0.2566 (S33=0) & (EB)
– 0.4 1.0911 1.0911 0.0400 0.1940 (S33=0) & (EB)
Table 1: Typical results for optimal cycles for DEs with λU = 1.5 and different values of E¯eb.
5.3 Stretchable elastomers
Results for stretchable DEs are depicted in Fig. 6 for the cycle corresponding to Case 1
with E¯eb ≥ 0.9428. In a manner similar to the one discussed for the moderately stretch-
able elastomers, Case 2 is further subdivided into Case 2a for Eˆeb ≤ E¯eb < 0.9428 and
Case 2b for smaller values of E¯eb. The transition value of the dielectric strength for the
stretchable DEs is Eˆeb = 0.8263. In agreement with our previous discussion, as long as
E¯eb > Eˆeb the optimal cycle which is shown in Fig. 6 is unaffected by the failure curve
(EB). If the dielectric strength of the material is smaller than the transition value, the
optimal cycle does depend on the failure curve (EB) as demonstrated in Figs. 7 and 8 for
E¯eb = 0.8 and 0.6, respectively. A comparison between these two figures demonstrates
the rapid decrease in the area bounded by the optimal cycles, corresponding to a severe
drop in the harvested energy. This observation is further evident from the summary
presented in Table 2 for more values of E¯eb. We observe that a two fold decrease in the
dimensionless dielectric strength (0.83→ 0.4) results in almost a four fold decrease in the
dimensionless harvested energy (0.27 → 0.073). Yet, we stress again that for E¯eb > Eˆeb,
the amount of energy harvested is fixed.
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Figure 6: The optimal cycle for DEs with λU = 3 and E¯eb > Eˆeb (Cases 1 and 2a) plotted on the
mechanical plane (a) and on the electrical plane (b).
5.4 Material classification for DEG applications
The non-dimensional analyses carried out in subsection 5.2 and 5.3 demonstrate that the
amount of extractable energy from materials with large ultimate stretch ratio is larger.
This is evident on grounds of the extra work that may be produced by the external
source thanks to the ability of a more stretchable DE to attain larger deformations. A
comparison between the results shown in Tables 1 and 2 further reinforce this conclusion.
Analogously, one may anticipate that the larger the dielectric strength of the DE is, the
more energy could have been harvested from it. This is because a larger electric field, and
hence a higher electric potential gap between the electrodes, could be attained during the
mechanical unloading stroke. Here we find that while this is true at law values of dielectric
strengths, at larger values there is a threshold beyond which the amount of harvested
energy is fixed. This, somewhat unanticipated finding, implies that in the context of this
work there is a fine balance between the dielectric strength and the ultimate stretch ratio
of the DE. Thus, at one hand at low values of Eeb the amount of extractable energy is
low, and at the other hand larger values of Eeb are unattainable. In Fig. 9 we highlight
this result with the aid of a universal curve which is plotted on the λU–E¯eb plane. The
[Ref.] E¯eb λ
∗ λD |Hg| ∆φ¯ Failure at D
Fig. 6 > 0.9428 unessential 1.7756 0.2724 0.1630 (S33=0)
– Eˆeb = 0.8263 1.7756 1.7756 0.2724 0.1630 (S33=0) & (EB)
Fig. 7 0.8 1.6¯ 1.6¯ 0.2688 0.1481 (S33=0) & (EB)
Fig. 8 0.6 1.25 1.25 0.1658 0.0833 (S33=0) & (EB)
– 0.5 1.1547 1.1547 0.1146 0.0642 (S33=0) & (EB)
– 0.4 1.0911 1.0911 0.0727 0.0485 (S33=0) & (EB)
Table 2: Typical results for optimal cycles for DEs with λU = 3 and different values of E¯eb.
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Figure 7: The optimal cycle for a DE with λU = 3 and E¯eb = 0.8 (Case 2b) plotted on the mechanical
plane (a) and on the electrical plane (b).
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Figure 8: The optimal cycle for a DE with λU = 3 and E¯eb = 0.6 (Case 2b) plotted on the mechanical
plane (a) and on the electrical plane (b).
continuous curve shows the variation of Eˆeb as a function of λU . The optimal cycle of
a DEG based on a dielectric whose pair of properties {λU , E¯eb} is located beneath this
curve will depend on E¯eb (Case 2b), and as was discussed before the amount of energy
that may be harvested from this DEG is rather small. If the property pair {λU , E¯eb} is
located above this curve (Cases 1 and 2a), the optimal cycle and hence the amount of
harvested energy does not depend on E¯eb and the DE full potentiality is not exploited.
Thus, in order to extract the maximum from the DEG it is recommended that its pair
of properties {λU , E¯eb} be as close as possible to the universal curve shown in Fig. 9.
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Figure 9: A universal curve (continuous) that distinguishes between two classes of DE film depicts the
function Eˆeb(λU ). The dashed curve represents the transition between Cases 1 and 2.
5.5 DEGs based on commercially available materials
We apply the analysis previously described to two specific commercially available DEs,
the acrylic VHB-4910 and the acrylonitrile butadiene rubber (NBR). The VHB-4910,
produced by 3M, is a polyacrylate dielectric elastomer available as a pre-cast 1 mm thick
polyacrylate adhesive foam. The acrylonitrile butadiene rubber (NBR) is a synthetic
elastomer, produced by co-polymerization of acrylonitrile (ACN) and butadiene rubber
(BR). This rubber exhibits enhanced actuation performance conferred by the presence
of the ACN in the range between 18-50% together with vulcanization agents [12]. The
pertinent mechanical and electrical properties of the two materials listed in Table 3 have
been reported in [12].
The dielectric strength of these materials, which commonly depends on the applied
pre-strain, deserves a particular attention. Thus, we recall that in common EAP ap-
plications the films are pre-strained in order to reduce the film thickness and increase
the breakdown strength [15, 26]. As an example, the data reported in [15] for VHB-
4910 demonstrate that the electric breakdown limit ranges between 20 MV/m in the
unstrained state and 218 MV/m in the case of 500% equibiaxial strain. Accordingly, in
the sequel two typical values are assumed for the dielectric strength, Eeb1 = 20 MV/m
and Eeb2 = 100 MV/m.
Material [Ref.] µ [kPa] ǫr E¯eb1 E¯eb2
VHB-4910 [12] 83.4 4.7 0.4468 2.2338
NBR [12] 1333.4 14 0.1928 0.9642
Table 3: Physical properties assumed for the elastic dielectrics.
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To enable a comparison between the performances of load-driven DEGs based on the
these materials, we took the VHB-4910 as a benchmark and determined the maximal
stresses (Smax = S
B
11
) attained along the optimal cycles corresponding to all four possible
combinations of Eeb1 , Eeb2 , λU = 1.5 and λU = 3. The four resulting stresses are listed
in Table 4. We note that since the maximal stretch is attained at the end of the electric
charging stroke (point C), the stresses corresponding to the larger dielectric breakdown
are slightly lower since a larger portion of the allowable stretch is excited electrically.
Next, we determined limits on the maximal stretch λC of the NBR such that, during
the optimal cycles dictated by these stretches and the pair Eeb1 and Eeb2 , the same
maximal stresses will be developed. The resulting stretch ratios for the NBR, together
with the harvested energy and the normalized activation potential, are also listed in
Table 4. In this table we also list these materials classification (M-C) according to Fig. 9.
In agreement with the one order of magnitude larger shear modulus of the NBR, the
respective stretches that correspond to similar maximal stresses are an order of magnitude
smaller for the NBR.
Eeb1 = 20 MV/m Eeb2 = 100 MV/m
Smax µHg ∆φ/h0 λC M-C Smax µHg ∆φ/h0 λC M-C
Material [kPa] [kJ/m3] [kV/mm] [kPa] [kJ/m3] [kV/mm]
VHB-4910 94.2 3.99 9.9 1.5 (2b) 87.0 5.33 14.62 1.5 (1)
NBR 94.2 0.37 15.4 1.024 (2a) 87.0 0.32 14.81 1.022 (1)
VHB-4910 246.3 7.60 2.5 3 (2b) 240.5 22.72 7.3 3 (1)
NBR 246.3 1.86 18.2 1.059 (2b) 240.5 2.48 23.3 1.064 (1)
Table 4: The harvested energy-density µHg, activation electric potential per referential unit thickness
∆φ/h0 and material classification M-C, determined for the optimal cycles according to the dielectric
strength limits and the maximal stretch ratios λC determined for the maximum stresses Smax.
At first glimpse we deduce from Table 4 that the amounts of energy extractable from
the VHB-4910 are an order of magnitude larger than those available for the NBR (when
the load or the traction on the DEG are specified). This is due to the extensibility
of the former and in spite of the fact that the dielectric constant of the VHB-4910 is
substantially smaller than that of the NBR. The critical impact of the stretchability of
the film can be further observed when comparing the results determined for the NBR
in the second line of Table 4. We note that there is a small difference between the
maximal stretch ratios λC in favor of the material with the lower dielectric breakdown.
Nonetheless, this small difference is responsible for approximately 20% more energy that
can be produced with a DEG based on the NBR with smaller Eeb.
Another important observation concerns the importance of the classification of the
materials. In particular we note the differences in the energies harvested from the VHB-
4910. In the first line of Table 4 the energy associated with the VHB-4910 for smaller
dielectric strength is comparable with the one extracted from the material whose dielectric
strength is 5 times larger. This is because the material with larger dielectric breakdown
is associated with Case 1, according to which this larger dielectric strength is not reached
during the optimal cycle, so that the potential of the material remains unexpressed. Along
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the third line of Table 4, where VHB-4910 with larger stretchable domain is considered
the situation is somewhat different: the energy extracted from the material with larger
Eeb is approximately three times the one extracted from the one with smaller Eeb. This
is because the pair {λU , E¯eb} for the material with larger dielectric breakdown is closer to
the universal curve shown in Fig. 9, suggesting that this material is closer to the optimal
balance between the ultimate stretch ratio and the dielectric breakdown.
6 Conclusions
We investigated the performances of load-driven DE generators made out of a dielec-
tric film coated with compliant electrodes at both sides, undergoing electromechani-
cal Carnot-type cycles in a plane-strain condition. The cycle assumed in our study is
composed of the following four strokes: (i) through-thickness thinning and longitudinal
stretching driven by an increasing external force at constant electric charge; (ii) appli-
cation of an electric potential under constant load allowing charge deposition onto the
electrodes; (iii) longitudinal contraction under a decreasing mechanical load and constant
electric charge, with the electric potential increasing correspondingly; (iv) discharge of
useable charge at a constant load. Overall a net amount of electrostatic energy is released
over a single cycle. In order to identify the best cycle out of which maximum energy can
be harvested, a constraint optimization problem was formulated accounting for possible
failure modes of the DEG. The failure modes accounted for are electric breakdown, me-
chanical rupture due to an over stretching of the film and the development of instabilities
due to loss of tension. These were characterized in terms of appropriate limits on the
electrical field, the maximal stretch ratio and the stresses developing in the film.
The constraint optimization problem was solved with the aid of a dedicated algorithm
for two typical classes of elastomers. As anticipated, the performance of a DEG crucially
depends on the stretchability of the elastic dielectric. This is because the mechanical work
produced by the external force can be larger if the film can reach large reversible stretch
ratios. An important and less trivial consequence of the conducted analysis concerns
the relationship between the attainable stretch ratio and the dielectric strength of the
material. This is presented in terms of the universal curve shown in Fig. 9. We find
that for materials with ‘low’ dielectric strength the optimal cycle attains the electric
breakdown field. The area beneath the solid curve in Fig. 9 corresponds to this class of
materials. Clearly, the larger the dielectric strength of materials in this regime is, the
more energy can be harvested from the DEG. However, if the dielectric strength of the
film is larger than the threshold limit represented by this curve, the maximal electric
field that develops during the optimal cycle does not reach the electric breakdown of
the material. This implies that if the pair dielectric strength–ultimate stretch ratio
of the film corresponds to a point above the universal curve, the maximal harvested
energy is independent of the dielectric strength of the film. In other words, once the
ultimate stretch ratio of the film is given, the maximal extractable energy is bounded
by the universal curve of Fig. 9 regardless of the material electric breakdown limit. The
universal curve may also serve as a design criterion for DE-based generators. Thus, in
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order to obtain the maximum energy from a given material at one hand and to use the
full capacity of this material at the other, the most beneficial working cycle of the DEG
is the one in which the initiation of the harvesting cycle lays as close as possible to this
curve.
To highlight the results of our analysis we concluded this work with a comparison
between the performances of generators based on two commercially available DEs, the
VHB-4910 and the NBR. The stretch limits for these materials were set in such a way
that the load driving the DEGs based on the two materials is identical. We find that
thanks to the large stretches undergone by the VHB-4910 the amount of energy that can
be harvested from DEGs based on this material is larger than the amount produced by
the NBR. We finally demonstrate that DEGs that are based on films whose dielectric
breakdown and ultimate stretch are close to the universal curve are more efficient in the
sense that these films can be used to almost their full potential.
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